Gokden N, Rhee SW, Mayeux PR. Hemodynamic changes in the kidney in a pediatric rat model of sepsis-induced acute kidney injury. Am J Physiol Renal Physiol 301: F209 -F217, 2011. First published April 20, 2011 doi:10.1152/ajprenal.00687.2010.-Sepsis is a leading cause of acute kidney injury (AKI) and mortality in children. Understanding the development of pediatric sepsis and its effects on the kidney are critical in uncovering new therapies. The goal of this study was to characterize the development of sepsis-induced AKI in the clinically relevant cecal ligation and puncture (CLP) model of peritonitis in rat pups 17-18 days old. CLP produced severe sepsis demonstrated by time-dependent increase in serum cytokines, NO, markers of multiorgan injury, and renal microcirculatory hypoperfusion. Although blood pressure and heart rate remained unchanged after CLP, renal blood flow (RBF) was decreased 61% by 6 h. Renal microcirculatory analysis showed the number of continuously flowing cortical capillaries decreased significantly from 69 to 48% by 6 h with a 66% decrease in red blood cell velocity and a 57% decline in volumetric flow. The progression of renal microcirculatory hypoperfusion was associated with peritubular capillary leakage and reactive nitrogen species generation. Sham adults had higher mean arterial pressure (118 vs. 69 mmHg), RBF (4.2 vs. 1.1 ml·min Ϫ1 ·g Ϫ1 ), and peritubular capillary velocity (78% continuous flowing capillaries vs. 69%) compared with pups. CLP produced a greater decrease in renal microcirculation in pups, supporting the notion that adult models may not be the most appropriate for studying pediatric sepsis-induced AKI. Lower RBF and reduced peritubular capillary perfusion in the pup suggest the pediatric kidney may be more susceptible to AKI than would be predicted using adults models. cecal ligation and puncture; renal blood flow SEPSIS IS A LEADING CAUSE of death in children worldwide (16). In the United States, severe sepsis, defined in the pediatric patient as sepsis with cardiovascular distress or multiple organ dysfunction (16), is estimated to be the second leading cause of death in children 1-14 yr of age (39). Sepsis is also the second leading cause of acute kidney injury (AKI) in pediatric patients behind renal ischemic injury (11), and the development of AKI increases mortality in the pediatric septic patient by 20 -30% (11, 13). Because current treatments for sepsis-induced AKI in the pediatric patient are mostly supportive (2), understanding the development of sepsis and its effects on the kidney in this specific population is critical for uncovering new treatment modalities.
cecal ligation and puncture; renal blood flow SEPSIS IS A LEADING CAUSE of death in children worldwide (16) . In the United States, severe sepsis, defined in the pediatric patient as sepsis with cardiovascular distress or multiple organ dysfunction (16) , is estimated to be the second leading cause of death in children 1-14 yr of age (39) . Sepsis is also the second leading cause of acute kidney injury (AKI) in pediatric patients behind renal ischemic injury (11) , and the development of AKI increases mortality in the pediatric septic patient by 20 -30% (11, 13) . Because current treatments for sepsis-induced AKI in the pediatric patient are mostly supportive (2) , understanding the development of sepsis and its effects on the kidney in this specific population is critical for uncovering new treatment modalities.
Most research on sepsis has utilized adult rodent models. Because the cardiovascular system and immune responses are still developing in children (43) , the use of adult models may not uncover the most relevant therapeutic targets in the pediatric patient population. This is particularly true for sepsisinduced AKI because the pediatric kidney is still maturing. For example, the developing human, rat, and porcine kidney have decreased renal blood flow (RBF) with higher renal vascular resistance compared with the mature kidney (20, 24, 29) . These differences along with a lower systemic mean arterial pressure (MAP) and lower glomerular filtration rate in neonates (20, 24, 29, 35) suggest that adult animals may not be the most appropriate model for studying pediatric sepsis-induced AKI. Moreover, animal studies suggest that the developing kidney may be more susceptible to oxidative stress due to decreased activities of key scavenging enzymes such as superoxide dismutase and catalase (19, 29) . This is especially important because decreases in perfusion of the kidney microcirculation accompanied by increases in oxidant generation in the peritubular/capillary microenvironment are key pathogenic features of sepsis-induced AKI in adult mice (34, 40, 42) . Increases in NO synthesis in a hypoxic microenvironment favor superoxide production, resulting in reactive nitrogen species (RNS) generation, which can lead to further capillary dysfunction and tubular epithelial cell injury (38, 40, 41) .
Few studies have specifically examined renal injury in neonatal/pediatric animal models of sepsis in any species. Furthermore, the initiation of sepsis has primarily been by administration of lipopolysaccharide (LPS) (5, 15, 20, 23) , a model of endotoxemia. The goal of our study was to examine the development of sepsis-induced AKI in rat pups induced by cecal ligation and puncture (CLP), a model of bacterial peritonitis that produces generalized sepsis. We monitored changes in systemic hemodynamics, RBF, the renal microcirculation, and oxidative stress during the development of sepsis in rat pups. The CLP model of sepsis displayed characteristics of pediatric severe sepsis, including multiorgan injury, hypothermia, and renal microcirculatory failure leading to AKI. The different hemodynamic responses in the kidney observed after CLP between rat pups and adult rats illustrate the importance of using the appropriate age model to study sepsis-induced AKI.
MATERIALS AND METHODS
Rat model of CLP. Seven 10-day-old male Sprague-Dawley rat pups and accompanying dam (Harlan, Indianapolis, IN) were acclimated for 7 days with free access to the dam. All studies were performed on pups 17-18 days of age with an average weight of 40.4 g (95% confidence interval ϭ 39.2-41.5 g). To induce sepsis, pups were anesthetized with isoflurane (4% induction, 2% maintenance) and placed on a warming pad. Following laparotomy, the cecum was exteriorized, and the membrane between the cecum and the mesentery was carefully cut to release the cecum. The cecum was ligated 1.5 cm from the tip or just below the ileocecal valve with 4 -0 silk. Two punctures were made with an 18-gauge needle, and 1 mm of fecal material was expressed from the punctures. The incision was sutured in two layers with 4 -0 silk. In sham pups, the cecum was located but neither ligated nor punctured. Following the procedure, 1 ml of warm saline was administered intraperitoneally, and the animals recovered in individual cages placed on a warming pad with free access to a nutrient gel pack (DietGel Recovery, Clear H 2O, Portland, ME). Pups studied at time points Ͼ6 h post-CLP received fluid resuscitation (unless otherwise noted) and antibiotics consisting of imipenem/ cilastatin administered subcutaneously at 14 mg/kg in 1.5 ml warm saline (38 ml/kg) 6 h after surgery to more closely mimic the clinical setting (10, 27) .
Adult male Sprague-Dawley rats (Harlan) weighing 250 -300 g where acclimated for 1 wk after arrival. CLP was performed as described above except the cecum was ligated 4 cm from the tip, and four punctures were made with an 18-gauge needle. Following surgery, adult rats received 5 ml of warm saline and recovered in individual cages placed on a warming pad with free access to food and water. In sham rats, the cecum was located but neither ligated nor punctured. In time points Ͼ6 h post-CLP, the adults received 14 mg/kg imipenem/cilastatin subcutaneously in 10 ml warm saline at 6 h.
All animals were housed and handled according to the National Institutes of Health Guide for the Care and Use of Laboratory Animals with approval from an internal animal care and use committee.
Intravital videomicroscopy. Adult or 17-to 18-day-old rats were anesthetized with isoflurane and injected via the tail vein with a solution of fluorescein isothiocyanate (FITC)-labeled dextran (500 kDa; Sigma, St. Louis, MO) to visualize the capillary vascular space and 1,2,3-dihydrorhodamine (DHR; Invitrogen, Carlsbad, CA) to detect RNS generation (17, 40, 41) . Adult rats received a dose of 1.4 mol/kg FITC-dextran and 0.8 mg/kg DHR in 2.1 ml/kg in normal saline. Rat pups received a dose of 2 mol/kg FITC-dextran and 1.1 mg/kg DHR in 3 ml/kg in normal saline. The left kidney was exposed and positioned on a glass stage atop an inverted Zeiss Axiovert 200M fluorescent microscope equipped with an Axiocam HSm camera (Zeiss). For each rat, videos of 10 s (ϳ30 frames/s) at ϫ200 magnification were acquired from five randomly selected nonoverlapping fields of view. Also, a single 500-ms exposure for rhodamine fluorescence (see below) was taken for each field of view. Body temperature was monitored using a rectal thermometer and maintained at 36 -37°C with a warming lamp. At the end of the experiment, venous blood was collected, and the right kidney was harvested and fixed in 10% buffered formalin.
Analysis of perfusion status was performed on each of the five 10-s videos/animal. Vessels were categorized as "continuous flow" where red blood cell (RBC) movement was continuous; "intermittent flow" where RBC movement stopped or reversed; and "no flow" where no RBC movement was observed. The data were expressed as the percentage of vessels in each of the three categories.
RBC velocity through the renal microcirculation was calculated using Axiovision 4.7 (Zeiss). RBC velocity through each capillary was determined by measuring the distance traveled by a single RBC over time (m/s). The average RBC velocity and volumetric blood flow were calculated using only continuous flow vessels with a RBC velocity of Ͻ500 m/s (500 m/s was the maximum speed measurable with the spatial and temporal resolution of the videos) utilizing the equation V ϭ (Vr 2 )/1.6 where the mean RBC velocity (V) and the capillary cross-sectional radius (r) are divided by the Baker-Wayland factor (1.6), as previously described (1) . The velocity histograms were generated using RBC velocity by binning of 50 m/s intervals up to 500 m/s. All vessels with the velocity higher than 500 m/s were assigned to the highest bin (Ͼ450 m/s), whereas all vessels with intermittent or no flow were assigned to the lowest bin (Ͻ50 m/s).
The RNS peroxynitrite oxidizes DHR to fluorescent rhodamine that is visualized at 535 nm excitation and 590 nm emission (17) . Fluorescence intensity was measured by ImageJ software (National Institutes of Health, Bethesda, MD) after first subtracting background fluorescence intensity. Data are expressed as arbitrary units per square micrometer.
Renal microvascular leakage. Renal microvascular leakage was assessed using Evans blue dye (EBD; Sigma-Aldrich) as described by Yasuda et al. (45) . At 9.5 h post-CLP or sham surgery, rat pups were injected with EBD (1% solution, wt/vol, in saline at 2 ml/kg) via the tail vein. At 10 h, rat pups were anesthetized with isoflurane and perfused with PBS through the left ventricle until all blood was eliminated. The right kidney was rapidly removed, weighed, and stored at Ϫ80°C until homogenization in 1 ml formamide and incubation at 55°C for 18 h. The supernatant was collected after centrifugation at 12,000 g for 30 min. The amount of EBD in the supernatant was analyzed by measuring absorbance at 620 nm against a standard curve. Results are expressed as microgram of EBD per milligram of kidney.
Renal blood flow. Following isoflurane anesthesia, the right kidney was exposed using a flank incision, the renal artery was isolated from the vein, and a Doppler flow probe was positioned around the renal artery. A 0.5PSL renal artery flow probe was used for rat pups, and a 1PRB renal artery flow probe was used for adult rats. Both were purchased from Transonic Systems (Ithaca, NY). Blood flow readings were recorded using PowerLab and LabChart software (AD Instruments). Body temperature was monitored utilizing a rectal probe and maintained between 36 and 37°C with a heating lamp. RBF was calculated as the average flow recorded during the first 10-s interval of each minute over a 10-min period after the flow had stabilized (ϳ5 min after placement of the probe) and expressed as milliliters per minute per gram kidney weight.
Biotelemetry. Systemic MAP and heart rate were measured in conscious rats using biotelemetry. Telemetry transmitters (Data Sciences International, Minneapolis, MN) were implanted in the carotid artery in 17-day-old pups or the femoral artery in adult rats. Twenty hours later pups were reanesthetized with isoflurane and received CLP or sham surgery. Sepsis was induced 3 days after transmitter implantation in adult rats. Cardiovascular parameters were recorded for 10 s every 5 min for 24 h following CLP or sham surgery. Data were analyzed by averaging 15-min recordings every 2 h after CLP.
Analysis of serum markers. Serum nitrate plus nitrite (NO x) concentrations were measured using the Total Nitric Oxide Assay Kit (Enzo Life Sciences, Plymouth Meeting, PA). Data are expressed as concentration of serum NOx in micromolar. Blood urea nitrogen (BUN) concentrations were measured using the QuantiChrom Urea Assay Kit (BioAssay Systems, Hayward, CA). Data are expressed as serum BUN concentration in milligrams per deciliter. Serum creatinine (Cre) concentrations and alanine aminotransferase (ALT) activities were measured using a Roche Cobas Mira Clinical Analyzer (Roche Diagnostic Systems, Branchburg, NJ). Data are expressed as milligrams per deciliter and International Units per liter. Serum interleukin (IL)-1␤ and tumor necrosis factor (TNF)-␣ concentrations were measured using a rat cytokine MILLIPLEX MAP kit (Millipore, Billerica, MA). Data are expressed as picograms per milliliter.
Real-time PCR. RNA was isolated from whole kidney homogenates using the RNeasy kit (Qiagen, Valencia, CA), and 1 g of total RNA was converted to cDNA using the iScript cDNA Synthesis Kit (Bio-Rad, Hercules, CA). Each PCR mixture contained 10 ng cDNA, 1ϫ SYBR Green (Bio-Rad), and 200 nmol/l of the primer for glyceraldehyde-3-phosphate dehydrogenase (GAPDH), intercellular adhesion molecule (ICAM)-1, or inducible nitric oxide synthase (iNOS). The primer sequences were as follows: GAPDH forward and reverse, 5=-AGG AAG CTC ACT GGC ATG-3= and 5=-CTT CTT GAT GTC ATA ATA CTT GGC AG-3=, respectively; ICAM-1 forward and reverse, 5=-CCA AGG AGA TCA CAT TCA CG-3= and 5=-GGA CCC TAG TCG GAA GAT CG-3=, respectively; and iNOS forward and reverse, 5=-CAG CTG GGC TGT GCA AAC CTT-3= and 5=-TGA ATG CAA TGT TTG CTT CGA-3=, respectively. The PCR mixture was initially denatured at 95°C for 10 min followed by 40 cycles of 10 s at 95°C to denature and 1 min at 65°C for annealing and extension. The real-time PCR products were analyzed using iCycler software (Bio-Rad).
Immunohistochemistry. Fixed kidneys embedded in paraffin were cut into 5-m sections and stained for nitrotyrosine or iNOS. Following rehydration, antigens were unmasked in 10 mM sodium citrate, pH 6.0, heated to 95°C for 30 min and allowed to cool. Slides were then blocked with serum-free protein block (Dako, Carpinteria, CA) followed by addition of primary antibody and then incubated overnight at 4°C in a humid chamber. Polyclonal anti-nitrotyrosine antibody (Millipore) or polyclonal anti-iNOS antibody (Abcam, Cambridge, MA) were diluted 1:500 in 1% BSA, 0.5% milk in 1ϫ TBS, pH 7.6. Slides were then washed in 1ϫ TBS and incubated with secondary antibody from the Dako LSAB ϩSystem-HRP kit (Dako). A chromogen reagent supplied in the Dako LSAB ϩSystem-HRP kit visualized antigen binding. Nonspecific binding of the antinitrotyrosine antibody was determined by preincubating the antibody with 1 mM 3-nitrotyrosine. Kidney sections were counterstained with Gill's hemotoxylin.
Assessment of kidney morphology. Paraffin-embedded sections (5 m) were prepared from the right kidneys fixed in 10% phosphatebuffered formalin. The periodic acid-Schiff stain was used for the analysis of morphology with light microscopy (Nikon E800; Nikon, Melville, NY) by a blinded observer. A semiquantitative score for tubular injury was assigned as described by Wang et al. (37) . At least 10 high-power fields were examined. The percentage of tubules that displayed cellular necrosis, loss of brush border, cast formation, vacuolization, and tubule dilation were scored as follows: 0 ϭ none, 1 ϭ Ͻ10%, 2 ϭ 11-25%, 3 ϭ 26 -45%, 4 ϭ 46 -75%, and 5 ϭ Ͼ76%.
Statistical analysis. All data were analyzed with Prism 4 for Mac (GraphPad Software, San Diego, CA) and expressed as means Ϯ SE. Comparisons between two groups of data were analyzed using a nonpaired Student's t-test. Data in groups of three of more were analyzed by one-way ANOVA followed by the Newman-Keuls or Dunnett's multiple-comparison post hoc tests. Two-way ANOVA was used for data comparing two or more groups over time. Survival data were analyzed using the Fisher's exact test. Velocity distributions were analyzed using the Chi square test at both 50-and 100-m/s binning intervals.
RESULTS

Effects of fluids on survival.
Volume resuscitation improves outcome in murine models of sepsis (9, 46) and remains a key part of goal-directed hemodynamic support in children with sepsis (6, 43) . To evaluate the beneficial effects of fluids, pups were administered antibiotics in 0.15 (no fluid resuscitation) or 1.5 (38 ml/kg fluid resuscitation) ml saline subcutaneously at 6 h post-CLP. Table 1 shows survival data for pups through 18 h. All pups survived through the first 6 h following CLP. Administration of antibiotics with fluids at 6 h increased survival at 18 h where survival was increased by ϳ40% in pups receiving fluids (P Ͻ 0.05 compared with no fluids). Consequently, all further experiments were performed in pups treated with antibiotics plus fluids at 6 h post-CLP.
Evidence for severe sepsis and multiorgan failure. Rat pups subjected to CLP displayed symptoms consistent with severe sepsis (16) . Two systemic inflammatory cytokines, TNF-␣ (Fig. 1A) and IL-1␤ (Fig. 1B) , were both significantly elevated in the serum at 4 and 10 h post-CLP compared with the serum of sham-treated pups. The increases in cytokine levels were Survival of rat pups when administered antibiotics with (ϩ) or without (Ϫ) fluid resuscitation at 6 h post-cecal ligation and puncture. *P Ͻ 0.05 compared with ϩFluids. Fig. 1 . Cecal ligation and puncture (CLP) produces an inflammatory response in rat pups. Serum levels of the cytokines tumor necrosis factor (TNF)-␣ (A) and interleukin (IL)-I␤ (B) were elevated at 4 and 10 h after sepsis (n ϭ 6 -8). Because preliminary studies indicated there were no differences in cytokine levels in sham animals over the time course, sham values plotted were pooled from the various time points. Appearance of cytokines was associated with a decrease in core temperature (C) (n ϭ 6 -11). Serum nitrate ϩ nitrite (NOx) concentration (D) increased by 10 h post-CLP (n ϭ 7-12). Data are expressed as means Ϯ SE. *P Ͻ 0.05 compared with sham. also associated with a decrease in core body temperature (Fig.  1C) , suggesting the development of cold shock (16) . Serum NO x levels, a marker of systemic nitric oxide generation, increased by 10 h post-CLP (Fig. 1D) , further supporting the development of a systemic inflammatory response.
Serum BUN and Cre were measured to assess renal injury, and serum ALT was measured to assess hepatic injury. At 18 h post-CLP, all three markers were elevated significantly compared with sham (Fig. 2) . The fivefold rise in serum ALT is consistent with a mild hepatic injury reported for other models of sepsis (25) . Also as noted in other models of sepsis, serum BUN increased proportionally greater than Cre (18), suggesting prerenal azotemia. Consistent with this finding was the lack of morphological injury at 18 h post-CLP (data not shown). However, it must be noted that, at 18 h, survival was only 66% ( Table 1 ), suggesting that the sickest pups had already died, so these data may not reflect the full severity of renal injury.
The renal inflammatory response during CLP in the mouse is associated with renal capillary leakage (45) . Under normal conditions, EBD binds albumin and is unable to diffuse out of capillaries, but when the capillaries are damaged and "leaky," EBD will accumulate within the surrounding tissue. In the rat pup, EBD content was elevated significantly at 10 h post-CLP compared with sham-treated pups (P Ͻ 0.05, Fig. 2B ), indicating capillary damage.
To examine whether CLP-induced sepsis in the rat pup produced an inflammatory response in the kidney, mRNA levels of iNOS and the leukocyte adhesion molecule ICAM-1 were determined from whole kidney RNA. At 6 h post-CLP, iNOS and ICAM-1 mRNA were elevated significantly at 3.7-and 8.2-fold, respectively (P Ͻ 0.05, data not shown).
Very low levels of diffuse iNOS immunoreactivity were detected in kidneys from sham pups (Fig. 3A) . However, at 6 h post-CLP, levels of immunoreactive iNOS protein were apparent in cortical tubules (Fig. 3B ) and medulla (data not shown). Nitrotyrosine immunoreactivity, a marker of peroxynitrite, was not detected in sham pups (Fig. 3C) but was diffuse at 6 h post-CLP (Fig. 3D ) and abundant at 18 h in cortical tubules (Fig. 3E ) and medulla (data not shown). Rhodamine fluorescence was a second, complementary method used to measure RNS generation in the pup kidney. Representative images of rhodamine fluorescence show low levels of RNS generation in sham (Fig. 3G) but increased RNS at 18 h (Fig.  3H) . Analysis of images of rhodamine fluorescence captured during intravital videomicroscopy (IVVM) showed significant increases in fluorescence at 18 h post-CLP but not at 6 h (P Ͻ 0.05 compared with sham; Fig. 3F ). These data suggest that iNOS induction proceeded RNS generation.
Renal microcirculatory failure in pups. Microcirculatory failure is a hallmark of sepsis (21, 32) . In previous studies using aged mice, we found that perfusion of the kidney microcirculation was dramatically decreased following CLP (38, 40) . To examine the effects of CLP-induced sepsis on the renal microcirculation in the rat pup, we measured changes in peritubular capillary perfusion status using IVVM. Perfusion analysis showed that the percentage of continuously perfused cortical vessels decreased 31% at 6 h in pups with CLP compared with sham (P Ͻ 0.05, Fig. 4 ). As the percentage of vessels with continuous flow decreased, the percentage of vessels with no flow increased 2.4-fold at 6 h compared with sham (P Ͻ 0.05). The overall decline in perfusion status was maintained through 10 h. Perfusion status appeared to recover by 18 h; however, the data are from only pups that survived (66%) and thus may not reflect the full extent of injury.
While perfusion status is an overall index of gross perfusion, it does not address indexes of nutritive flow. To identify time-dependent changes in nutritive flow in pups, RBC velocity and volumetric flow were determined over time in continuously flowing capillaries. RBC velocity (Fig. 5A ) and volumetric flow (Fig. 5B) in the pup declined significantly at 4 and 6 h after CLP compared with sham (P Ͻ 0.05).
Comparison of renal hemodynamics between adult rats and pups. It has been reported that pediatric animals have lower MAP than adults (24, 26, 29) . Using biotelemetry, we found MAP in sham pups was much lower than sham adults (69.3 Ϯ 3.6 vs. 117.8 Ϯ 2.7 mmHg; P Ͻ 0.05). Systemic blood pressure and RBF are regulators of renal microcirculatory perfusion. Early time-matched changes in MAP, heart rate, and RBF data in adults and pups subjected to CLP are presented in Fig. 6 along with the full time course of MAP and heart rate. Following CLP, MAP decreased in adults over time but not in pups (Fig. 6, A and B) while heart rate remained unchanged in both (Fig. 6, C and D) . RBF was also significantly lower in the pup compared with the adult (1.1 Ϯ 0.1 and 4.2 Ϯ 0.4 ml·min Ϫ1 ·g Ϫ1 , respectively; P Ͻ 0.05). CLP caused a rapid time-dependent fall in RBF in both the pup and adult (Fig. 6E) ; however, the fall in RBF occurred more rapidly in the pup (at 2 h P Ͻ 0.05 compared with sham) than in the adult (at 6 h P Ͻ 0.05 compared with sham). Moreover, CLP caused a significantly greater percent decrease in RBF in pups than in adults (61 vs. 42%, respectively, at 6 h; P Ͻ 0.05).
We also determined microcirculatory perfusion status in adult rats subjected to CLP or sham surgery. In Fig. 6F , the 6-h perfusion data for pups from Fig. 4 were replotted with adult perfusion data for comparison. Whereas CLP caused a significant decline in perfusion status at 6 h in pups, CLP did not reduce perfusion status in adults. Interestingly, sham pups had a significantly lower percentage of cortical vessels with continuous flow compared with adults (69.3 Ϯ 2.0 vs. 78.1 Ϯ 1.2%; P Ͻ 0.05) and a significantly higher percentage of cortical vessels with intermittent flow compared with adults (25.5 Ϯ 2.1 vs. 11.5 Ϯ 1.8%; P Ͻ 0.05).
Systemic blood pressure and RBF are regulators of renal microcirculatory perfusion. Because CLP caused no change in MAP in the rat pup, RBF was measured (Fig. 6E) . RBF was significantly higher in the adult rat compared with the rat pup (4.2 Ϯ 0.4 and 1.1 Ϯ 0.1 ml·min Ϫ1 ·g Ϫ1 , respectively; P Ͻ 0.05). CLP caused a rapid time-dependent fall in RBF in the rat pup at 2, 4, and 6 h compared with sham (P Ͻ 0.05). CLP also caused a significant fall in RBF at 6 h (P Ͻ 0.05) in the adult rat, but the decrease in RBF was delayed in the adult compared with the pup. Moreover, CLP caused a significantly greater decrease in RBF in pups than in adults (61 vs. 42%, respectively, at 6 h; P Ͻ 0.05).
Although perfusion status is an overall index of gross perfusion, it does not address indexes of nutritive flow. To assess overall changes in capillary RBC velocity, the distribution of all capillary velocities was plotted as a histogram for pups (Fig. 7A) and adults (Fig. 7B) . CLP produced a shift in the percent distribution of capillaries toward lower velocities in both pups and adults (P Ͻ 0.05). Interestingly, in sham animals, the percentage of capillaries with RBC velocities Ͻ451 m/s was greater in the pup than in the adult (79 and 44%, respectively).
DISCUSSION
The adult animal may not be the appropriate model for studying sepsis-induced AKI in the pediatric population because the immunological and cardiovascular systems are still developing in the pediatric patient (20, 24, 29, 35) . Severe sepsis in the pediatric patient is defined as sepsis with cardiovascular distress or multiple organ dysfunction (16) . In contrast to adults with septic shock, hypotension is not always present and is not required for a diagnosis of pediatric septic shock (4). The rat pup CLP model of sepsis displayed many characteristics of pediatric severe sepsis, including cytokine generation, induction of inflammatory markers, multiorgan injury, hypothermia, and renal microcirculatory failure leading to AKI.
Children with septic shock typically respond well to aggressive fluid resuscitation (4) , and in the rat pup model fluids did significantly increase survival.
Several models of neonatal or pediatric sepsis have been developed using fecal slurry in mice (44) , LPS in piglets (5, 12, 23) and rats (20) , or zymosan in rats (3). However, there have been no studies that have characterized the development of sepsis in rat pups using the clinically relevant CLP model frequently used in adult models of sepsis. Very early after induction of sepsis in pups by CLP, serum concentrations of the inflammatory cytokines IL-1␤ and TNF-␣ were increased along with induction of ICAM-1 and iNOS in the kidney. Thus CLP induced not only a systemic inflammatory response but also activation of the inflammatory response in the kidney. Moreover, induction of sepsis produced a rapidly developing peritubular microcirculatory failure manifested by a decline in perfusion and increased capillary permeability.
The present study is unique because direct comparisons between pups and adults with experimental sepsis-induced AKI have never been reported. Rat pups have a lower resting MAP than adult rats. This difference is also seen in human infants and human adults (8) . In the pediatric septic patient, preservation of microcirculatory perfusion is the focus of goal-directed therapy (7), and recent clinical evidence suggests that RBF rather than systemic pressure is the more important factor in maintaining the renal microcirculation (28) , at least in adults. Both human and animal studies are suggesting that targeting the renal microcirculation may be the most effective strategy for preventing/treating multiple forms of AKI (22, 33, 45) . It is important to note that a lower RBF was also seen in pups compared with adults, suggesting that pups may be more susceptible to renal injury associated with changes in renal perfusion.
CLP in the rat pup caused an increase in hepatic and renal markers consistent with multiorgan injury and severe sepsis. There was a dramatic decline in the average capillary RBC velocity and volumetric flow in continuously flowing capillaries as early as 4 h post-CLP. Moreover, there was a progressive and sustained decline in the percentage of vessels delivering nutritive flow through 10 h. This sustained microcirculatory defect was similar to that observed in aged mice subjected to Fig. 6 . Comparison of systemic and renal hemodynamics between adults and pups. Early changes in mean arterial pressure (MAP), heart rate, and renal blood flow (RBF) are presented for comparisons in A, C, and E, respectively. The full time course for MAP and heart rate is presented in B and D. A comparison of peritubular capillary perfusion at 6 h is presented in F. Data are means Ϯ SE (n ϭ 5-8 pups/group and n ϭ 4 -7 adults/group). In A, *P Ͻ 0.05 by one-way ANOVA compared with 2 h. In B and E, *P Ͻ 0.05 using 2-way ANOVA. In F, *P Ͻ 0.05 by 1-way ANOVA compared with sham and #P Ͻ 0.05 when adult is compared with pup.
CLP (40) . In contrast, CLP did not alter the overall percentage of vessels with continuous, intermittent, or no flow in adult rats but did cause a shift in the RBC velocity distribution toward lower velocities. These data suggest that the pup kidney may be less able to regulate perfusion of the microcirculation compared with adults.
Peritubular capillary hypoperfusion may result from decreased RBF, which can occur during AKI even in the absence of a decline in MAP (28) . Neonates have lower RBF and greater renal vascular resistance compared with adults (35) . This is believed to be the result of a complex interaction between the renin-angiotensin system, endothelin, and NO, which are thought to play particularly important roles in regulating renal perfusion in the neonatal kidney (31) . Following CLP, MAP in the adult decreased without any apparent compensatory change in heart rate, yet renal peritubular capillary perfusion was sustained. In the pup, peritubular capillary perfusion declined rapidly despite a relatively stable MAP that did not appear to be due to compensatory changes in heart rate. During sepsis, the greater and more rapid fall in RBF in pups compared with adults may be a result of differences in the autoregulatory/compensitory responses triggered by inflammatory mediators and elevated NO production that occur during sepsis despite a relatively stable (although lower than the adult) mean arterial blood pressure in pups. Additional studies are required to establish if there are mechanistic differences in autoregulation between pups and adult and how these might be altered during sepsis.
Importantly, another likely contributor to decreased peritubular capillary perfusion was endothelial activation and the increase in capillary permeability, indicating the development of direct injury to the peritubular capillary network. A decline in peritubular capillary perfusion following CLP may produce a hypoxic microenvironment favoring the generation of oxidants (40 -42) . This is significant because there is growing recognition of the potential role oxidants may play in the development of cardiovascular failure and organ dysfunction associated with pediatric sepsis (36) . The immature kidney has decreased levels of the antioxidant enzymes superoxide dismutase and catalase (19) and thus may be more susceptible to oxidative damage (14, 19) . Release of superoxide in a microenvironment where there is increased NO synthesis leads to the generation of the RNS peroxynitrite. Two markers of RNS generation, rhodamine fluorescence and nitrotyrosine immunoreactivity, indicated RNS production at 18 h. However, at 6 h post-CLP, RNS generation was unchanged despite the induction of iNOS mRNA and protein in the kidney. These data are consistent with a sequence of events that progress from hypoperfusion, hypoxia, iNOS induction to RNS generation.
In summary, the rat pup CLP model displays many characteristics of sepsis-induced AKI in the pediatric septic patient, including elevated serum BUN and Cre and decreased RBF (2, 35) . Even relatively small changes in serum Cre concentrations like those seen in the rat pup model are associated with increased mortality and morbidity in children (11, 13) . The lack of morphological changes in the rat pup kidney following CLP support a prerenal AKI, a form of vasomotor nephropathy to which neonates are particularly vulnerable (35) . However, CLP caused a profound injury to the peritubular capillary microcirculation (decrease perfusion and capillary leakage) associated with an increase in oxidant generation by the renal tubules. While control of the renal microcirculation is not fully understood, data from the rat pup model suggest that the renal microcirculation is more easily perturbed than it is in the adult. Differences in the renal hemodynamic responses between rat pups and adults subjected to CLP illustrate the importance of using the appropriate age model to study sepsis-induced AKI, as has been shown in the aged mouse (10) . Lower RBF, lower MAP, and reduced peritubular capillary perfusion in the pup coupled with reduced oxidant defenses support the notion that the pediatric kidney may be more susceptible to multiple forms of AKI (30, 35) .
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